Accurate simulation of plant growth depends not only on plant parameters, but also on soil parameters. Although there is uncertainty in measured soil parameters and root distributions, their eff ects on simulated plant growth have been much less studied. Th is study evaluates the simulated responses of six crops, wheat (Triticum aestivum L.), maize (Zea mays L.), barley (Hordeum vulgare L.), soybean (Glycine max L. Merr.), peanut (Arachis hypogaea L.), and chickpea (Cicer arietinum L.), under various water and N management to diff erent methods of estimating soil hydraulic properties and soil root growth factor (SRGF) in root zone water quality model (RZWQM2) that contains the decision support system for agrotechnology transfer (DSSAT) Version 4.0 plant growth models. Th e two methods of obtaining the soil water retention curve (SWRC) in RZWQM2 were based on (i) known soil water contents at both 33 and 1500 kPa suctions, or (ii) soil water content at 33 kPa only. Th e two methods of estimating saturated hydraulic conductivity (K sat ) were (i) soil texture class based average K sat or (ii) K sat calculated from eff ective porosity (diff erence between soil water contents at saturation and at 33 kPa). For the six crops, simulation results showed that the soil water balance was aff ected more by K sat than by SWRC, whereas the simulated crop growth was aff ected by both K sat and SWRC. Small variations in the SRGF did not aff ect soil and crop simulations, and SRGF could be estimated with a simple exponential equation.
A gricultural system models have become more important as research and decision support tools for optimizing water and N management, because they can be used to explore a wide range of soil-crop-management options and interactions in a quick and cost-eff ective manner (Tsuji et al., 1998; . However, the use of such models has been a challenge to the agricultural community because of intensive input data requirements and lack of guidelines for obtaining these data, such as soil, plant, and climate characterization. Model users oft en do not have all the input data required for a system model and thus depend on the model to estimate missing data. Although sensitivity analyses of the missing input variables are useful, it is not an easy task to apply the sensitivity results in model parameterization Walker et al., 2000; Boote et al., 2008) . To help model users, various databases have been developed or included as guidelines along with parameter estimation schemes Gijsman et al., 2007) .
Soil hydraulic properties, including soil hydraulic conductivity and SWRCs, have signifi cant impacts on the soil water balance and, as a result, on crop growth (Kribaa et al., 2001; Hupet et al., 2004a Hupet et al., , 2004b . In a numerical analysis using the soil, water, air, plant (SWAP) model Hupet et al. (2004b) showed that simulated actual transpiration and yield were more responsive to soil hydraulic parameters (K sat and SWRC) under dry climate conditions than under wet conditions. In another study, Hupet et al. (2004a) found that soil hydraulic conductivity curves obtained from soil water retention curves using a pedotransfer function (PTF) were questionable in estimating soil evapotranspiration. Gijsman et al. (2003) evaluated eight PTFs for estimating drained upper limit (DUL), lower limit of plant extractable water (LL), and saturated soil water content (SAT) and found that simulated soybean yield varied greatly among PTF estimated DUL, LL, and SAT. Th ey also questioned the accuracy of lab-measured DUL and LL for parameterizing a crop model. Experimentally, eff ects of soil hydraulic properties on plant growth have been widely documented in the literature. For example, Kribaa et al. (2001) observed a signifi cant variation in wheat yield due to altered hydraulic properties as a result of various cultivation methods in a semiarid climate.
Another important soil-plant parameter in system models is an empirical parameter to describe root growth in diff erent soil layers. In the decision support system for agrotechnology transfer (DSSAT) crop growth models, this parameter is called the soil root growth factor (SRGF) (Calmon et al., 1999a (Calmon et al., , 1999b . Th e SRGF determines the ability of roots to grow and proliferate in a soil layer, which in turn aff ects the potential amount of soil water that can be extracted by roots from this layer. Wang et al. (2003) used the measured soil root distribution at harvest to derive SRGF for their CROPGRO applications. In other applications, the SRGF was used to calibrate soil moisture and crop production arbitrarily without considering soil characteristics (Calmon et al., 1999a; Fang et al., 2008) . Optimization schemes such as the adaptive simulated annealing method were also used to derive SRGF for each soil layer to match soil water contents and soil water extraction (Calmon et al., 1999b; Dardanelli et al., 2003) . Because there is no consensus on parameterizing SRGF for crop growth, further analysis of SRGF on crop production is needed to better understand soil-root interaction and to guide model users.
The RZWQM2 is an agricultural system model that has been widely used to simulate management effects on soil water quality and crop growth Ma et al., 2007) . It has a user-friendly interface and input databases to facilitate its applications. For example, the soil texture class based soil hydraulic properties from Rawls et al. (1982) are provided in the model. The model provides several ways of estimating SWRC as described by the Brooks-Corey equations (Brooks and Corey, 1964) : soil texture class based parameters (Rawls et al., 1982) , estimates from soil water contents at 33 kPa soil suction (Williams and Ahuja, 1992) , and estimates from soil water contents at both 33 and 1500 kPa soil suctions . If users have measured SWRC, they can derive their own Brooks-Corey parameters and enter them in the model. The RZWQM2 also offers two methods of estimating saturated soil hydraulic conductivities (K sat ) if the users have no measured values: soil texture class mean values (Rawls et al., 1982) and estimation from effective soil porosity (Ahuja et al., 1989) . For some applications, users also have calibrated K sat values to match measured soil hydrology (soil water content, runoff, and drainage) (Fang et al., 2008) .
Recently, the DSSAT4.0 crop modules were incorporated into RZWQM2 (Ma et al., 2005 . Th is hybrid model has an advantage over DSSAT4.0 in the areas of (i) detailed soil water balance calculations (e.g., solving Richards' Equation, macropore fl ow, subsurface drainage), (ii) a broad range of agricultural management practices, (iii) detailed surface energy balance, and (iv) pesticide fates (Ma et al., 2005 .
In this new hybrid model, we also allow either user-defi ned SRGF or values calculated from Jones et al. (1991) 
where SRGF(z) is the soil root growth factor at soil depth z (dimensionless); z max is the maximum rooting depth (cm); and WCG is an exponential geotropism constant. In DSSAT4.0, computational soil layers are at 5, 15, 30, 45, and 60 cm, and then at 30 cm intervals thereaft er. Calmon et al. (1999b) found that WCG of 3.0 was adequate in their simulation of soybean using the CROPGRO model.
Since both soil hydraulic properties and SRGF are important in simulating crop growth (Hupet et al., 2004a (Hupet et al., , 2004b Calmon et al., 1999b) , it is important to evaluate how diff erent methods of estimating soil hydraulic properties and SRGF aff ect the soil water balance and plant growth. Th is result will increase the confi dence of model users in using the diff erent parameter estimation methods when no measured values are available. In this study, we selected the RZWQM2 model with built-in multiple methods of estimating soil hydraulic properties and SRGF. Six crops, namely, wheat, maize, barley, soybean, peanut, and chickpea, from six experiments as released with DSSAT4.0 package were chosen to test their responses to various methods of estimating soil hydraulic properties and SRGF. Each experiment was fi rst simulated with RZWQM2 and then the simulation results were compared to those from the original DSSAT4.0 package to make sure DSSAT4.0 was implemented correctly in RZWQM2. Th ese RZWQM2 scenarios then served as reference runs for evaluating the eff ects of soil hydraulic properties and SRGF on plant growth. Specifi c objectives of this study were: (i) to evaluate soil water balance and crop production using soil hydraulic properties (SWRC and K sat ) estimated from either soil texture, soil water contents at 33 kPa suction, or soil water contents at both 33 and 1500 kPa suctions; and (ii) to compare crop productions using two SRGF distributions with WCG = 2.0 and 3.0 in Eq. [1].
MATERIALS AND METHODS

The Root Zone Water Quality Model 2
An earlier linkage between a root zone water quality model and DSSAT3.5 was completed in 2005 (Ma et al., 2005 , which was updated to DSSAT4.0 and released as RZWQM2 (http://www.ars.usda.gov/Main/ docs.htm?docid = 17740) . Th e RZWQM-DSSAT3.5 hybrid model contains only three crops (wheat, corn, and soybean) and was tested by Ma et al. (2005 Ma et al. ( , 2006 , Yu et al. (2006) , Saseendran et al. (2007) , and Th orp et al. (2007) . Th e RZWQM2-DSSAT4.0 hybrid model has a total of 19 crops along with a few new features. For example, the new user interface allows users to derive the soil water retention curve parameters (Brooks-Corey parameters) from the soil water contents at 33 and 1500 kPa. Th erefore, soil hydraulic properties can be estimated from the DUL (assumed to be soil water content at 33 kPa) and LL of plant extractable soil water (assumed to be soil water content at 1500 kPa).
Th e SWRC (relationship between volumetric water content θ, cm 3 cm -3 and suction head τ, cm) is described by the BrooksCorey equation (Brooks and Corey, 1964) in RZWQM2:
where B = (θ s -θ r ) τ b λ . θ s and θ r are the saturated and residual soil water contents, respectively; λ is a pore size distribution index; and τ b is the bubbling suction head. Th e corresponding equations for soil hydraulic conductivity, K(τ), are
where K sat is soil hydraulic conductivity (cm h -1 ) and N 2 = 2+3λ . When the soil water contents at 33 and 1500 kPa suctions are given, λ and τ b can be calculated: where θ 15 and θ 1/3 are soil water contents at 1500 kPa (15,000 cm) and 33 kPa (333 cm) suctions, and θ r is residual soil water content and can be obtained from Rawls et al. (1982) for each soil texture class. We also found that θ r = 0 provided similar simulation results for the six experiments in this study without modifying other soil and plant parameters. If default θ r from Rawls et al. (1982) were to be used, some recalibration of the soil and plant parameters might be needed to repeat the original results in DSSAT4.0. Soil water retention curve estimated by using both the 33 and 1500 kPa suction soil water contents is denoted as SWRC 2 (using two soil water contents on the curve).
Another way of deriving the Brooks-Corey parameters is the one-parameter (λ) model (Ahuja and Williams, 1991; Ahuja, 1992, 2003) . Rearranging Eq.
[2], we have:
where a = ln(B)/λ and b = -1/λ. Ahuja and Williams (1991) found that:
where p = -0.52 and q = 0.67 for all soil texture classes when τ is in kilopascals (1 kPa = 10 cm water suction) (Williams and Ahuja, 2003) . Thus, from Eq.
[6] and [7] , b (hence λ) can be calculated from θ 1/3 and θ s , and then τ b from Eq.
[6] and B from a and λ (Williams and Ahuja, 2003) . The SWRC estimated by using the 33 kPa suction soil water content only is denoted as SWRC 1 (using one soil water content on the curve). Two methods of estimating saturated soil hydraulic conductivity (K sat ) are incorporated in RZWQM2. One is from soil texture class (st) based average K st (Rawls et al., 1982) and the other is from effective porosity (ep) as (Ahuja et al., 1989) :
In this study, three combinations of K sat and SWRC methods were evaluated. K ep SWRC 1 denotes the case when K sat is estimated from effective porosity and SWRC is from the one-parameter model. K ep SWRC 2 is the case when K sat is estimated from effective porosity and SWRC is from DUL and LL. K st SWRC 2 is the case when K sat is from soil texture mean value and SWRC is from DUL and LL. K ep SWRC 1 and K ep SWRC 2 were used to show SWRC effects, and K st SWRC 2 and K ep SWRC 2 were to show the K sat effects on simulated AET, N leaching, water drainage, crop yield, and biomass.
Datasets Selected from Decision Support System for Agrotechnology Transfer 4.0
Of the 19 crops currently in RZWQM2 hybrid model, three cereal crops (maize, wheat, barley) and three legume crops (soybean, chickpea, and peanut) were selected to evaluate the CERES and CROPGRO models in RZWQM2. One observed fi eld experiment was selected for each crop based on completeness of data and treatment eff ects. Th e DSSAT4.0 model adequately simulated crop responses to water and N applications in these experiments.
Maize
The maize dataset was collected at the University of Florida, Gainesville, FL (named UFGA8201 in DSSAT4.0), and documented in Bennett et al. (1989) . The experiment was conducted on a Millhopper fine sand (loamy, siliceous, semiactive, hyperthermic Grossarenic Paleudults) with two N levels (low at 116 kg N ha -1 and high at 401 kg N ha -1 ) and three irrigation levels (rainfed with only 1.3 cm irrigation at planting, vegetative stressed with 20.1 cm during the growing season, and fully irrigated with 26.4 cm during the growing season) in 1982. Precipitation during the growing season was 66.1 cm. The maize cultivar McCurdy 84 AA was planted on 26 Feb. 1982 at a density of 7.2 seeds m -2 and harvested on 2 July 1982.
Wheat
The wheat dataset was from Saskatchewan, Canada (SWSW7501 in DSSAT4.0) as documented in Campbell et al. (1977) . The experiment was conducted on a Wood Mountain Loam in 1975. Wheat variety 'Manitou' was planted on 25 May at 250 seeds m -2 and harvested on 21 Aug. 1975. The two water levels were dry (rainfed) and irrigated (26.7 cm during growing season). Four N levels were 0, 41, 82, and 123 kg N ha -1 before planting. Precipitation during the growing season was 15.6 cm.
Barley
The barley dataset was collected by International Centre for Agricultural Research in the Dry Areas (ICARDA) in Breda, Syria (IEBR8201 in DSSAT4.0) as documented in Brown et al. (1987) . The experiment was conducted on a Typic Calciorthid soil (clay loam) in 1982-1983. The barley cultivar Arabic Abiad was planted on 15 Nov. 1982 at 225 seeds m -2 and harvested on 19 May 1983. The two fertilizer treatments were 0 and 40 kg N ha -1 . Precipitation during the growing season was 23.6 cm.
Chickpea
The chickpea dataset was collected at International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) in Patancheru, India (ITBP8502 in DSSAT4.0). The experiment was conducted on a fine montmorillonitic isohyperthermic typic pallustert (sandy clay loam) in 1985 and documented in Singh and Sri Rama (1989) and Singh and Virmani (1996) . Chickpea cultivar Annigeri was planted on 
Soybean
The soybean dataset was collected at the University of Florida, Gainesville, FL (UFGA8501 in DSSAT4.0), and documented in Stanton (1986) . The experiment was also conducted on a Millhopper fine sand in 1985. The two water levels were rainfed (only 1.7 cm irrigation at planting) and irrigated (16.3 cm during the growing season). Precipitation during the growing season was 67.5 cm. The soybean cultivar Cobb was planted on 20 June 1985 at 22 plants m -2 and harvested on 26 Oct. 1985.
Peanut
Th e peanut dataset was collected at the University of Florida, Gainesville, FL (UFGA8901 in DSSAT4.0) and documented in Ma (1991) . Th e experiment was also conducted on a Millhopper fi ne sand in 1989. Th e two water levels were rainfed (only 1.1 cm shortly aft er planting) and irrigated (9.1 cm during the growing season). Total precipitation during the growing season was 60 cm. Th e peanut variety Florunner was planted on 6 Apr. 1989 at 17 plants m -2 and harvested on 3 Sept. 1989.
Calibrating the Root Zone Water Quality Model 2 for Reference Scenarios
All the DSSAT4.0 simulations for each experiment were the same as those released without any modifi cation. To run the same experiments with RZWQM2, the crop parameters were used as they were released along with the DSSAT4.0 package (Hoogenboom et al., 2004) without any further modifi cation, which are listed in Tables 1 and 2 . Th e Brooks-Corey parameters used to defi ne the SWRCs were estimated from soil water contents at 33 and 1500 kPa suctions by Eq. [4] . In the datasets selected, K sat was given only for the fi ne sand cropped to soybean, peanut, and maize. We therefore estimated the K sat for other soils from eff ective porosity by Eq. [8] (Ahuja et al., 1989) . Th e RZWQM2 also requires rainfall intensity, which was not available. We assumed a 2-h duration for all daily rainfall events without attempting to match runoff from DSSAT4.0 (Ma et 
Parameter
Defi nition Maize Wheat Barley P1 Thermal time from seedling emergence to the end of Juvenile phase during which the plants are not responsive to changes in photoperiod (degree days) (maize).
--
P1V
Relative amount that development is slowed for each day of unfulfi lled vernalization, assuming that 50 d of vernalization is suffi cient for all cultivars (wheat, barley).
Relative amount that development is slowed when plants are grown in a photoperiod 1 h shorter than the optimum (which is considered to be 20 h) (wheat, barley).
-5 5 2 0 P2 Extent to which development is delayed for each hour increase in photoperiod above the longest photoperiod at which development is at maximum rate, which is considered to be 12.5 h (days) (maize).
--
P5
Thermal time from silking (or grain fi lling) to physiological maturity (maize, wheat, barley al., 1998). Albedo for dry soil was given in DSSAT4.0 for each soil and used in RZWQM2. Albedo values for wet soil, plant canopy, and crop residue were assumed to be 0.1, 0.2, and 0.8 based on default values provided in RZWQM2 for all the soils and crops (Farahani and DeCoursey, 2000) . To avoid the initialization procedure suggested by Ma et al. (1998) , we did not simulate microbial growth in the RZWQM2 but used constant microbial populations throughout the simulation period . Soil C pools were manually partitioned so that total N mineralization was comparable to that simulated by DSSAT4.0 (Table 3) .
RESULTS AND DISCUSSION
Reference Model Runs
Simulation results for the six crops using RZWQM2 were compared to results obtained from DSSAT4.0, and served as reference runs for evaluating the responses of RZWQM2 to soil hydraulic properties and SRGF(z). Using the soil albedo as defi ned in DSSAT4.0 for each experiment, RZWQM2 simulated similar potential evapotranspiration (PET) as DSSAT4.0 except for maize (Fig. 1) . Simulated actual crop transpiration (AT) was also similar for both models (Fig. 1) .
However, simulated soil evaporation was generally higher in RZWQM2 than in DSSAT4.0 except for barley, which was possibly due to the wind eff ects on soil evaporation considered in the Suttleworth-Wallace PET module in RZWQM2 (Ma et al., 2005 , compared to the Priestley-Taylor equation used in the DSSAT4.0 where wind eff ects are neglected (Ritchie, 1998) . Th e higher actual evapotranspiration (AET) simulated in RZWQM2 was mainly due to the higher simulated soil evaporation. Utset et al. (2004) also found that the Priestley-Taylor equation simulated lower AET than the Penman-Monteith equation, but these diff erences did not alter the conclusion on simulated crop yield and crop water use. Almost no runoff was simulated in RZWQM2 due to the assumed 2-h rainfall events, without knowing the rainfall intensity (Ma et al., 1998) . However, DSSAT4.0, using a curve number approach, simulated a few centimeters of runoff for maize, soybean, peanut, and chickpea. We could have adjusted rainfall intensity to exactly match the runoff to that of DSSAT4.0, but runoff was a very small percent of the soil water balance.
Th e DSSAT4.0 crop modules were adequately implemented in RZWQM2. Simulated grain yield and biomass at harvest were similar between DSSAT4.0 and RZWQM2 for all six crops ( Fig. 2 and 3) . Simulated overall RMSE of yield was 613 kg ha -1 for DSSAT4.0 and 634 kg ha -1 for RZWQM2. Corresponding overall RMSE of biomass for the six crops were 1194 kg ha -1 and 1114 kg ha -1 , respectively. Comparing the two models, a paired t test showed no signifi cant diff erence across the six crops (P = 0.45 for yield and P = 0.19 for aboveground biomass). Comparing simulated yields to measured yields, values for the six crops were not signifi cantly diff erent (P = 0.52 for DSSAT4.0 and P = 0.78 for RZWQM2). However, comparing simulated aboveground biomass to measured aboveground biomass, values were signifi cantly diff erent (P = 0.002 for DSSAT4.0 and P = 0.015 for RZWQM2) based on a paired t test across the six crops. Th ese tested RZWQM2 scenarios for the six crops were then used as reference model runs in subsequent sensitivity analyses for eff ects of soil hydraulic properties and SRGF.
Responses to Soil Hydraulic Properties
Since detailed soil hydraulic properties (K sat and SWRC) are needed in RZWQM2, it is important to evaluate their eff ects on soil water balance and crop production. Estimated K sat from eff ective porosity was very low compared to that from soil texture class for the Millhopper sand planted to maize, soybean, and peanut (Fig. 4) , which was due to unreasonably low saturated soil water content used in the DSSAT4.0 soil database for the soil (only 0.23 cm 3 cm -3 in the top soil layers). For the other three soils, K sat from eff ective porosity was usually higher than those from soil texture (Fig. 4) . As shown in Table 4 , the two important parameters to characterize the SWRC (λ and τ b ) were quite diff erent between the two SWRC methods, except for the Typic Calciorthid planted to barley. Th is result presents a challenge to model users, when only DUL (soil water content at 33 kPa) is experimentally available. Th e SWRC would be diff erent depending on which method a user selects. In addition, DUL and LL might not be the same as soil water contents at 33 and 1500 kPa suctions (Ratliff et al., 1983) . Although our DUL and LL values for the four soils were within the range given by Ratliff et al. (1983) , there were variations among soil horizons (Table 4) . Soil water drainage at the bottom of the soil profi le was aff ected more by K sat than by the SWRC. For example, with a welldrained sand planted to maize, the average water drainage was 19 cm with K ep SWRC 2 , 21 cm with K ep SWRC 1 , and 42 cm with K st SWRC 2 , due to a much higher K sat estimated from soil texture class than from eff ective porosity. Simulated drainage for other soils was small and was not very diff erent among the estimated soil hydraulic properties. Surface runoff showed the opposite trend as drainage since runoff was calculated from excessive water input above K sat in RZWQM2 . When K sat was estimated from soil texture class, RZWQM2 generated close to zero runoff for all experiments. Higher runoff was simulated for the K ep SWRC 2 than for the K ep SWRC 1 . Simulated eff ects of hydraulic properties on AET were not signifi cantly diff erent among the three methods (P = 0.09).
As expected, N leaching at the bottom of the soil profi le followed the same pattern as water drainage among the three hydraulic estimation methods. In the case of maize, N leaching averaged about 20 kg N ha -1 for K ep SWRC 2 , 27 kg N ha -1 for K ep SWRC 1 , and 112 kg N ha -1 for K st SWRC 2 . On the average, simulated N leaching in the maize growing seasons increased 4.1 times for K ep SWRC 2 and K ep SWRC 1 , and 5.4 times for K st SWRC 2 , as N application rate increased from 116 to 401 kg N ha -1 . Simulated maize yield was the best in terms of RMSE with K st SWRC 2 (988 kg ha -1 ). Th e RMSEs for simulated maize yield were 2886 and 1916 kg ha -1 with K ep SWRC 2 and K ep SWRC 1 , respectively. Th e K ep SWRC 2 provided the best yield prediction for all other crops with an overall RMSE of 389 kg ha -1 as compared to 721 and 431 kg ha -1 using the K st SWRC 2 and K ep SWRC 1 methods, respectively. Overall, the RMSE of simulated yield across the six crops were 799, 1215, and 1047 kg ha -1 for the K st SWRC 2 , K ep SWRC 2 , and K ep SWRC 1 methods, respectively. Paired t test showed that the simulated yield across all six crops was not signifi cantly diff erent from measured yields for K st SWRC 2 (P = 0.15) and for K ep SWRC 2 (P = 0.22). However, a significant diff erence was found between the measured and simulated yield for K ep SWRC 1 (P = 0.04), even though its RMSE was slightly smaller than K ep SWRC 2 due to a consistent over prediction of yield for all six crops. Similarly, simulated fi nal aboveground biomass was the best using K st SWRC 2 , with an overall RMSE of 1520 kg ha -1 , followed by K ep SWRC 2 (RMSE of 2021 kg ha -1 ) and K ep SWRC 1 (RMSE of 1999 kg ha -1 ). Paired t test showed that simulated biomass across all six crops was not signifi cantly diff erent from measured values for K st SWRC 2 (P = 0.87), but diff erences were signifi cant for K ep SWRC 2 (P < 0.01) and K ep SWRC 1 (P < 0.01).
Based on these results, there is uncertainty in applying RZWQM2 when no measured soil hydraulic properties (K sat and SWRC) are available. With respect to yield prediction, K sat estimated from eff ective porosity worked well for wheat, barley, soybean, peanut, and chickpea irrespective of SWRC, but K sat estimated from soil texture class did better overall for maize, even though it underpredicted the rainfed treatments. Twice as much drainage was predicted with K sat estimated from soil texture class compared to K sat from eff ective porosity for the maize experiments. In this case, the measured K sat provided a better maize yield simulation (RMSE of 1057 kg ha -1 ) than K sat estimated from eff ective porosity (RMSE of 2286 kg ha -1 ), but slightly worse than K sat estimated from soil texture (RMSE of 988 kg ha -1 ).
Th e eff ect of soil hydraulic properties on soil water distributions was best examined at harvest date, at the end of the growing season. Simulated soil water contents at harvest were diff erent among the three hydraulic properties. However, the diff erences were not consistent from soil to soil (Fig. 5) . For the sand planted to maize and the Typic Calciorthid soil planted to barley, soil water content at harvest was more determined by K sat , but SWRC was the dominant factor for the Typic Pallustert soil planted to chickpea. It is interesting to see very similar soil water distributions between K ep SWRC 1 and K st SWRC 2 , which shows the interaction between K sat and SWRC on determining soil water content.
Th ese results demonstrate the importance of evaluating soil water drainage and N leaching in addition to crop yield and biomass production. For example, simulated maize yield was the best with K st SWRC 2 . At the same time, it simulated much higher drainage and N leaching. Without the measured drainage and N leaching data to evaluate these high values, simulation of crop yield from K st SWRC 2 should be treated cautiously. Th is study also demonstrated the eff ects of soil hydraulic properties on simulated crop responses to water and N treatments ( Fig. 6 and 7) . For example, when K sat was estimated from eff ective porosity, soybean yield responded correctly to water stress, but it overresponded to water shortage when K st SWRC 2 was used. Similarly, wheat was more responsive to N application when K sat was estimated from soil texture class than K sat estimated from eff ective porosity under dry conditions. Th erefore, model users need to independently determine soil hydraulic properties (e.g., K sat and SWRC) from bare soils (i.e., without crops) to make sure that the simulated management eff ects are not an artifact of calibrated soil properties. Otherwise, the calibrated soil properties under a cropped land may be infl uenced by plant growth processes (e.g., root water uptake) and may be site-specifi c for that particular cropping system.
Responses to the Soil Root Growth Factor
Th e response of the model to SRGF was conducted by comparing simulation results using the original SRGF in the reference runs with that estimated from Eq. [1], where maximum root depth (z max ) was assumed to be 200 cm for all the crops and soils. Two exponents (WCG = 2.0 for SRGF1 and 3.0 for SRGF2) were used to calculate SRGF in Eq. [1]. Higher WCG values produced less root distribution deeper in the soil profi le (Fig. 8) . As expected, SRGF1 simulated higher crop production (yield, aboveground and belowground biomass) than SRGF2 due to relatively more roots being distributed to the deeper profi le, which was confi rmed by a two-tail paired t test (P < 0.01). Th e RZWQM2 with fewer roots at the deeper soil depths (i.e., SRGF2) was slightly more sensitive to irrigation treatments (Fig. 9) , but was similar in response to N treatments (Fig. 10) . However, simulated yield, aboveground and belowground biomass with the original SRGF used in DSSAT4.0 (Fig. 8) were not signifi cantly diff erent from results with either SRGF1 (P = 0.06-0.32) or SRFG2 (P = 0.26-0.66) based on the paired t test. Simulated actual ET was similar to the original SRGF factors tested (P = 0.33 for SRGF1 and P = 0.18 for SRGF2). Compared to the simulations with the experimental results for yield and aboveground biomass, all three root growth factors showed no signifi cant diff erence in simulated yield based on the paired t test, with P = 0.78 for original SRGF, P = 0.43 for SRGF1, and P = 0.96 for SRGF2. However, simulated aboveground biomass was not signifi cantly diff erent from measured biomass only for SRGF2 based on paired t test (P = 0.14). Th erefore, using a maximum rooting depth of 200 cm and a WCG value of 3.0 showed the best results for the crops tested, given that other soil and crop parameters were unchanged. Th e WCG value of 3.0 was also shown to be adequate in a study by Calmon et al. (1999b) . However, the value of z max changes with crop and soil type. In this study, we used 200 cm for z max to match the SRGF at the lowest soil depth (see Fig. 8 ).
Simulated soil water distributions at harvest were used to demonstrate the eff ect of SRGF on soil water contents, and showed no diff erence among the three SRGF factors (Fig. 11) . Th is result may cause one to question the eff ectiveness of calibrating SRGF for each soil layer to match measured soil water content. In RZWQM2, soil water redistribution was simulated by solving the Richards' Equation and the small diff erence in SRGF (hence small diff erences in rooting depth and root distribution) does not play a major role in the soil water distribution at harvest and plant growth. As shown by Teuling et al. (2006) , plants are somewhat fl exible in extracting soil water from soil layers to minimize water stress.
SUMMARY AND CONCLUSIONS
Simulation results showed that DSSAT4.0 was correctly implemented in RZWQM2 based on the six crops tested. Th e new model should be an improved tool for both RZWQM2 and DSSAT4.0 users, and this study should facilitate the parameterization of soil properties. Evaluating the various methods of estimating soil hydraulic properties in RZWQM2 showed that simulated water drainage and runoff were much more strongly aff ected by saturated soil hydraulic conductivity (K sat ) than by the SWRC. Plant response to water and N management was aff ected by both K sat and SWRC. Th erefore, it is important to provide the model with the most accurate soil hydraulic properties to correctly simulate plant growth and its response to diff erent crop management practices. Also, based on simulated crop yield and aboveground biomass, the SRGF calculated from Jones et al. (1991) with a maximum rooting depth of 200 cm and an exponent of 3.0 was acceptable for the six crops tested. Th us, model users can use these two parameters for SRGF(z) over the entire soil profi le, rather than calibrating SRGF parameters for individual soil layers.
Care should be taken in extrapolating the simulation results, because water balance (evapotranspiration, soil moisture, drainage, and runoff ) and N balance (plant N uptake, soil N, N leaching, N mineralization, etc.) were not measured and evaluated. Further studies are needed to evaluate these results with more balanced data collection on soil water, soil N, and plant growth. Without measured water and N balance, the recommended methods for SRGF, K sat , and SWRC based on crop production alone could be at the expense of poor soil water and N simulations. Also, the sensitivity analyses were based on reference scenarios where RZWQM2 was calibrated to reproduce DSSAT4.0 results by using the same soil and plant parameters. Further evaluation of residual soil water content (θ r ) and rainfall intensity on crop growth in RZWQM2 is needed. 
